Pentacene thin film transistors ͑TFTs͒ were fabricated by the organic molecular beam deposition method. The TFTs were characterized in order to study the effect of thermal annealing on the morphology and carrier mobility of the transistors. For all the TFT samples the mobility exhibited an Arrhenius relationship with temperature, indicating a thermally activated transport that could be explained by the carrier trap and thermal release transport mechanism. Therefore, in order to investigate the annealing effect, we tested the data for a significant period of time after annealing until the temperature recovered to room temperature, so that the thermal activation effect was screened and possible effects of thermal expansion and stress were also ruled out. As a result, we found that only with a temperature below a critical temperature of approximately 45°C could annealing improve the mobility, while annealing with T Ͼ 50°C would decrease the mobility compared to the value before annealing. Atomic force microscopy observation and x-ray diffraction ͑XRD͒ data indicated that annealing caused decreased grain size and decreased XRD peak intensity for all samples. Increasing the annealing temperature to 70°C caused obvious desorption because of the low van der Waals intermolecular forces in the organic film. The mobility deterioration after high temperature annealing may be ascribed to the deteriorated microstructure, while the improved mobility may result from the increased crystallinity in the bottom several layers near the substrate film interface. The results also suggested that the influence of possible structure evolution should be distinguished when investigating temperature dependent transport properties.
I. INTRODUCTION
Organic thin film transistors ͑OTFTs͒ based on conjugated polymers, oligomers, or other molecules have been envisioned as a potential alternative to more traditional, mainstream inorganic TFTs for more than a decade. Although organic semiconductors have a much lower carrier mobility than that of inorganic ones, the processing characteristics and demonstrated performance of OTFTs suggest that they are competitive for existing TFT applications requiring large area, flexibility, low temperature processing, and low cost. Pentacene is one of the most promising organic semiconductors due both to its stability and to its high mobility, the highest so far reported in all the candidate organic molecules ͑ϳ1.5 cm 2 V −1 s −1 ͒. 1 However, since the structure and the electrical performance of the vacuum deposited pentacene films are very sensitive to numerous deposition parameters such as pressure, temperature, deposition rate, pentacene purity, and surface contamination, significantly different data have been reported. As a result, although a great deal of work has been carried out, many aspects of the growth and transport process of pentacene film are not yet clearly understood. It is well known that the charge transport properties of conjugated molecules are intrinsically correlated with their crystalline structure, orientation, defects and grain size, and a highly ordered structure seems indispensable for a high mobility. Hence, controlling and optimizing film quality are essential to improve the performance of the OTFTs.
Many methods have been tried during film growth to increase the grain size, remove the defects, and improve the film homogeneity. However, little is known about the effect of postfabrication thermal treatment on the performance of the OTFTs. Indeed the limited reports regarding the effect of annealing on the microstructure and device performance seemingly contradict each other.
2-4 The problem is further complicated since thermal annealing is inevitably associated with temperature dependent transport in OTFTs, while the transport mechanism of organic semiconductor films and its temperature dependence are not entirely understood yet. Therefore a detailed investigation would seem to be essential both for improving the device performance and for understanding the transport process and structure evolution at elevated temperatures. In this study the effect of postfabrication thermal annealing on the performance of pentacene OTFTs as well as the temperature dependent transport were investigated. In order to check the real annealing effect, we distinguished the temperature dependence from the anneala͒ ing effect by measuring the annealed samples after a long period of cooling. Meanwhile, other possible influences such as thermal expansion and thermal stress were also ruled out.
II. EXPERIMENT
Pentacene powder with a purity of 97% purchased from Aldrich Chemical was filled in a Knudsen cell without further purification to deposit films by organic molecular beam deposition ͑OMBD͒ method in a high vacuum chamber with a basic pressure of ϳ10 −5 Pa. Heavily doped n-type silicon wafers with a 300 nm thermally grown SiO 2 dielectric layer were used as the substrates, which were cleaned by acetone before use. All films were deposited with a deposition rate of ϳ0.6 nm/ min and the film thickness was monitored with a quartz crystal microbalance ͑QCM͒. The metal substrate holder was heated with a tungsten wire and the temperature was measured by a K-type chromel-alumel thermal couple. For the temperature dependence test, the samples were characterized at each point after achieving a stabilized temperature. For the annealing test, the samples were kept for 2 h at each maximum temperature, which was the denoted annealing temperature in this study. All tests were carried out in a vacuum. For various reasons, the deposition conditions were inevitably different at each time, and the properties of the films may vary greatly. Therefore in order to contrast samples with and without annealing, films were simultaneously deposited at each time on two substrates. The sample to be annealed was set just below the heating wire. The second sample, which was used as the reference sample, was set aside on an adiabatic plate at an adequate distance from the heating source. Based on our preliminary tests, three typical annealing temperatures were used: 45, 50, and 70°C. Film morphology was inspected by a JEOL JSPM-5200 atomic force microscopy ͑AFM͒ operated in tapping mode ͑ac mode͒ with a Si cantilever. X-ray diffraction ͑XRD͒ patterns were obtained by an advanced Rigaku ATX-G thin film x-ray diffractometer. The TFTs were constructed with a bottom contact ͑BC͒ setting, as shown in Fig. 1 , where the gold source and drain electrodes with a thickness of ϳ20 nm were deposited through a shadow mask before film deposition. Keithley 486 model picoammeter units were used to measure the electrical characteristics.
It is clear that the thickness of the active semiconductor layer can significantly influence the TFT performance; we have found that the drain current and the mobility value increase with film thickness and always achieve a saturation stage after a critical thickness of around 25-35 nm. Therefore a value of 40 nm was used for all the devices in this study, so that the thickness dependent effect was excluded and a stable performance was guaranteed.
III. RESULTS AND DISCUSSION

A. Temperature dependence of mobility and annealing effect
The output curves of the transistors annealed at 45 and 50°C are illustrated in Figs. 2 and 3 , respectively. The mobility data were derived from the output curves based on Eq. ͑1͒, where I d , W, L, C i , V g , and V T represent drain current, channel width, channel length, capacitance of the insulator, gate-source voltage, and threshold voltage, respectively.
Variation of mobility values with time for the 45°C annealed sample is shown in Fig. 4 . We can see that at the beginning of the heating stage the mobility increases rapidly, before immediately decreasing with the start of cooling. This clearly indicates that the transport in the sample is thermally activated. Thus, in order to inspect the annealing effect, the sample was cooled for a long enough time for the temperature to recover to RT. By doing so, the temperature effect and possible influence of thermal expansion and thermal stress could be ruled out. With regard to this point, no information about cooling was available in previous reports on annealing effect. We can see in the figure that after the initial sudden decrease, the mobility stabilizes gradually and after a long time cooling the mobility doubles compared with the original value before annealing. Similarly, it is clear from the variation of mobility with time in Fig. 5 for the sample annealed at 50°C that the transport is thermally activated and is strongly dependent on the temperature. Although the annealing temperature is only 5°C higher, the mobility after cooling displays an obvious decrease when compared with the original value; this may be partly due to the relatively long total heating time used. The output characteristic before annealing is also illustrated as the dot lines in Figs. 2 and 3. We can see that the drain current clearly increases by annealing for the first sample, while the drain current remains similar for the second one.
It is well known that in conventional semiconductors, charge transport occurs in delocalized states. The band-type transport is limited by phonon scattering and the charge mobility decreases with temperature. 5 However, the situation is much more complicated for low conductivity organic semiconductors. Thermally activated, 6 thermally deactivated, 7, 8 as well as temperature independent 9 field-effect mobilities have been reported. Many works report that transport in organic films is due to the hopping of charges ͑polaron hopping͒ between localized states, and the mobility increases with temperature. However, the relationship is not straightforward. It seems that the temperature dependence in organic semiconductors is related to various factors such as processing conditions, defects, test temperature range, and testing methods. Change of mobility ͑the data in the heating stage͒ versus reciprocal temperature in our polycrystalline TFTs is shown in Fig. 6 . We can see that they exhibit an Arrhenius relationship in the tested temperature range except for the value at 70°C ͑the reason will be discussed in Sec. III B͒. From the slopes of the curves, the activation energy E a was calculated at 350, 83, and 110 meV for the samples annealed at 45, 50, and 70°C, respectively. The intrinsic charge transport in ultrapure single organic crystal at small carrier densities from both field effect transistor ͑FET͒ and time-offlight ͑TOF͒ experiments was characterized by an increase of mobility with cooling near the RT range. 8, 10 Thermally activated behavior only appeared at the very low temperature regime, where charge transfer was dominated by the tunneling effect. Due to the polaronic nature of the carriers in organic molecular crystals, small polarons can be trapped by numerous types of defects. Therefore the thermally activated Arrhenius relationship disclosed here based on polycrystalline films with various types of defects is not a reflection of the intrinsic transport, but a static disorder limited charge transport. The difference in E a reflects the fact that the performance of each device depends crucially on the fabrication conditions. Based on the low mobility values and the AFM images ͑shown in Fig. 7͒ of our samples, we assume that most of the carriers ͑holes͒ injected in the conducting channel are trapped in states localized in the forbidden gap. Trapped charges are thermally released, and thus the thermally activated mobility may be attributed to the thermally released carriers. Based on the multiple trap and release ͑MTR͒ model, 6 ,11 the measured effective mobility value, eff , is the trap free mobility, 0 , reduced by the fraction of carriers that are trapped in the localized states. Consequently, eff can be given approximately by the following equation:
where f , tot , N c , E F , and k are the trap free charge, the total charge induced by the gate voltage, the number of free carriers at the transport ͑valence͒ band edge, the Fermi energy, and Boltzmann constant, respectively. 
B. Structure analysis
The effect of thermal annealing on the morphology of the films is illustrated by the AFM pictures in Fig. 7 . The grain size and roughness data derived from the AFM pictures are listed in Table I . Figure 7͑a͒ of the sample before annealing shows typical dentritic grains with a mean grain size of 723 nm. It can be seen from Table I , Figs. 7͑b͒ and 7͑c͒ that annealing greatly decreases the grain size to 285 and 182 nm for the 45 and 50°C annealed samples, respectively. From further magnified picture shown in Fig. 7͑f͒ and the corresponding height profile, we can see that after 45°C annealing, terraces with heights of ϳ1.6 nm are still obvious although not as clear as that of the sample without annealing shown in Fig. 7͑e͒ , indicating that the ordered herringbone packing is conserved after annealing. The bright part in Fig.  7͑e͒ is probably a grain of the bulk phase pentacene. 12 However, only small spherical clusters can be found in the magnified image of the 50°C annealed sample ͓Fig. 7͑d͔͒, and we cannot find terraces by checking the height profile of the spherical grain. It is well known that the diffusion coefficient exponentially increases with temperature. Thus the changed morphology may be ascribed to the surface diffusion induced at elevated temperature, and the phenomenon is more obvious for the 50°C annealed sample than for the 45°C annealed sample. However, from AFM images of these two samples alone it is difficult to judge if desorption ͑reevapo-ration͒ has occurred or not. To investigate the possible desorption, we made another TFT sample and increased the annealing temperature to 70°C. We can see from the time dependent variation of mobility in Fig. 8 that at such a temperature, the mobility starts to decrease even before the start of cooling, and after complete cooling the mobility decreases greatly compared to the value before annealing. From the FIG. 7 . AFM images showing the morphology of ͑a͒ a RT reference sample without annealing, ͑b͒ the 45°C annealed sample, ͑c͒ 50°C annealed sample, ͑d͒ magnified image of the 50°C annealed sample, ͑e͒ magnified image of the RT sample, ͑f͒ magnified image of the 45°C annealed sample, and ͑g͒ magnified image of the 70°C annealed sample, where the white arrow indicates a cavity showing the bare substrate. The corresponding height profiles of the black lines indicated in ͑e͒-͑g͒ are also illustrated. morphology and the cavity indicated by the white arrow shown in Fig. 7͑f͒ we can see that 70°C annealing has caused such a desorption that the molecule on some parts was entirely removed and the bare Si surface was detected.
The remarkably decreased roughness listed in Table I could also verify the obvious desorption since it implies the decreased average height of surface points compared to the bare Si part. A desorption ratio of ϳ30% can be calculated from the histogram of the AFM picture and the nominal thickness value. The desorption may account for the mobility starting to decrease even in the heating stage, and explain why the mobility at 70°C in Fig. 6 is exceptionally low. We noticed that irregular temperature-deactivated mobility in pentacene TFT had been reported to occur at a similar temperature range of about 60-70°C. 7 This might, in fact, also be due to the desorption, and thus would not be a real reflection of the transport nature.
Since organic crystals are formed through weak van der Waals forces, their molecules have much lower cohesive energy compared to inorganic ones. For apolar molecules, the intermolecular dispersion force is lower than other types of van der Waals forces. In particular, it was reported that pentacene had a relatively low dispersion force and a low melting point in the sequence of aromatics composed of benzene rings. 13 The obvious structural evolution at the relatively low annealing temperatures of 45 and 50°C and the relatively low desorption temperature of 70°C in this study should originate from such a weak intermolecular force in pentacene film. For the same reason, an annealing temperature only 5°C higher ͑from 45 to 50°C͒ caused decreased mobility. It should be noted that various factors can affect the desorption of the film, and therefore different desorption temperatures may be observed for the same molecule. Similarly, it has been reported for 1 nm thick 1,4,5,8-naphthalenetetracarboxylic-dianhydride ͑NTCDA͒ film on highly ordered pyrolytic graphite ͑HOPG͒ that desorption occurred from the crystal edges just above room temperature ͑RT͒ in a vacuum.
14 Therefore it is thought that it is possible for desorption to occur for samples annealed at below 70°C.
It seems reasonable from the AFM results that a deteriorated structure with decreased grain size caused the deterioration of the FET performance for the samples annealed at 50 and 70°C. However, the improved mobility of the sample annealed at 45°C cannot be explained by the AFM picture.
The XRD patterns of the 45 and 50°C annealed samples and of each reference RT samples are shown in Figs. 9͑a͒ and 9͑b͒. Only the signal of the thin film phase was detected in the XRD data. 11 Different from homogeneously oriented polycrystalline films, the XRD patterns of pentacene films are very sensitive to incident x-ray beam angles due to the high orientation in azimuth of the layered structure. Therefore any small tilting of the film plane will invariably cause substantial variation of the XRD peak position and intensity. In fact, we found that the peak position and intensity ͑espe-cially the latter͒ of the same sample could vary greatly in different tests under the same instrument operating conditions due to the difficulty in precise control of the position with the naked eye. This is a very important factor, however, it seems to have always been neglected. This may also account for the scatter of the d ͑001͒ lattice spacing data in the literature. Here the -2 scans were carried out by a special thin film diffractometer ͑Rigaku ATX-G͒, with which the angle of the incident beam with respect to the film plane can be precisely adjusted before measurement with a highprecision five-axis thin film goniometer. Hence, the uncertainty in peak position and intensity during measurement was excluded and highly precise data were recorded. It is clear from the magnified peaks in the XRD figures that the ͑001͒ peaks of four samples are located in the same position with a d spacing of 15.4 Å, agreeing well with the reported value for the thin film phase. We can also see that a lower annealing temperature causes slightly decreased XRD peak intensity while a higher one causes substantial decrease of the peak intensity. These are in good agreement with the AFM results, indicating that in both cases annealing causes decreased crystallization compared to the RT sample. Contradictive results with both increased and decreased XRD intensity by annealing treatment for pentacene have been reported. 2-4 Komoda et al. report that the intensity of the XRD peak was increased several tens of times while the film morphology remained unchanged after 50°C annealing. 4 Based on the aforementioned reasons, the discrepancy of the published results may be ascribed to the uncertainty of the sample surface position during measurement and thus cannot reflect the truth. Combined with the AFM results, the decreased mobility for the TFT annealed at 50°C is consistent with the decreased grain size and ordering. However, the improved mobility of the sample annealed at 45°C seems inconsistent with the grain size and XRD intensity. There may exist various defects such as chemical impurities, dislocation, and grain boundary in the vacuum deposited films. It has been reported that even a single grain in the polycrystalline pentacene film might not be an ideal single crystal but rather probably consists of smaller crystallites with different orientations. 15 On the other hand, research into submonolayer single grain FET indicates that only the initial one or two layers are effective for charge transport. 16, 17 Although the situation is different in much thicker films, based on the drain current saturation phenomenon in our preliminary thickness dependent results, we maintain that only the bottom layers are effective for charge transport for our polycrystalline TFTs. From the full width at half maximum ͑FWHM͒ of the XRD peaks, the volume averaged grain size D in the vertical direction ͑grain height͒ may be roughly estimated by Scherrer's equation ͑D = K / FWHM cos , is the wavelength͒ to be slightly increased after annealing if only the crystallite size broadening is considered. Therefore, based on these truths, we presume that the number of defects such as dislocation and crystallite boundary inside the grains may be decreased and the degree of order and the grain ͑or crystallite͒ size of the main charge transport bottom layers near the interface may be increased, although annealing decreases the apparent grain size in the horizontal direction. This occurs because of the higher mobility and free energy of the defects, especially when a large number of defects and traps appear. It may be deduced that with the thermal activation energy provided by heating, the molecules have overcome the potential barrier and diffused to energetically more stable sites, and the defects have been substantially removed after annealing. From the film thickness and grain size data we know that pentacene grains have very flat shapes. Thus the grain size derived from AFM images may not reflect the grain size or the ordering normal to the surface. Therefore the improved device performance may originate from the improved crystallization and molecular ordering in the bottom layers and in the vertical direction. Consistent with such a deduction are the morphology in Fig. 7͑f͒ and the grain size in Table I of the 70°C annealed sample. After the desorption of the uppermost layers, the bottom layers exhibit bigger grains compared to those of the 45 and 50°C annealed samples. The layered packing is still obvious in Fig. 7͑f͒ . These indicate that the molecular packing in the bottom layers is different from that of the surficial ones. As for the sample annealed at 50°C, it may be explained that the formation of amorphous spherical clusters causes a much lower total degree of order. Further investigation is ongoing in order to disclose the detailed microstructure of the films.
C. Analysis of the TC FET
BC samples have relatively lower mobility than the typically reported data for pentacene FETs. This may be ascribed to various factors such as the low purity of the pentacene, the surface cleaning procedure, the FET structure, and the high contact resistance. It was reported that TFTs with bottom contact electrodes had much higher contact resistance than that of the top contact ͑TC͒ structure and the FET characteristic obviously might change depending on the FET structure. 18 In order to confirm whether the annealing effect is limited to the BC FET structure or not, we made a TC FET and carried out the annealing test at 45°C. Variation of mobility with time is shown in Fig. 10 , and it can be seen that much higher mobility values are obtained. Similar to the curves of the BC FET, the mobility is sensitive to temperature and decreases immediately after cooling. Finally, annealing causes increased mobility despite the decreased grain size ͑the AFM image is not illustrated͒. The results indicate that the annealing effect is not limited to the BC FET setting. Since we used the same procedure for making the TC FET, this also suggests that the low mobility in the BC FET may be due to the high contact resistance. Moreover, we have tested several FETs prepared under different conditions and similar results have been obtained, i.e., annealing caused increased mobility below a critical temperature and decreased mobility was obtained above the critical temperature because of the deteriorated microstructure. Because the FET performance is related to various factors, it should be noted that the critical temperature may vary more or less depending on the film quality and testing conditions, such as annealing time, vacuum, and so on.
IV. CONCLUSION
We found that the mobility of polycrystalline pentacene TFTs showed an Arrhenius relationship with temperature in the tested narrow temperature range, indicating a thermally activated transport that might be explained by the carrier trap and thermal release mechanism. Due to such a thermal activation transport nature, it is necessary to screen the temperature effect in order to investigate the annealing effect. To achieve this, we tested the data for a considerable period of time after annealing so that the temperature recovered to RT. Consequently, we found that only low temperature annealing at 45°C caused improved mobility compared to the value before annealing, while annealing with temperature Ͼ50°C decreased the mobility. Structure characterization indicated that annealing caused obvious structure variation at a temperature far below its melting point. Obvious desorption was observed at an annealing temperature of 70°C. These may be attributed to the weak intermolecular dispersion van der Waals force of the organic films. In all cases annealing caused decreased grain size and decreased XRD peak intensity. The decreased mobility seems to originate from the deteriorated microstructure. However, the improved mobility seems contradictive with the decreased grain size and XRD intensity. Based on the XRD peak width and the structure characteristic, we presume that the improved mobility resulted from the improved crystallinity and molecular order in the bottom several layers and/or in the vertical direction by the annealing. In addition, due to the thermal activation transport nature of the OTFTs, small temperature fluctuation near RT may have an obvious influence on the mobility values. The results also imply that the effect of the possible structure evolution should be distinguished in order to study the inherent phenomena when investigating the temperature dependent transport.
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